ABSTRACT: A method to amplify the wavelength shift observed from localized surface plasmon resonance (LSPR) bioassays is developed using gold nanoparticle-labeled antibodies. The technique, which involves detecting surface-bound analytes using gold nanoparticle conjugated antibodies, provides a way to enhance LSPR shifts for more sensitive detection of low-concentration analytes. Using the biotin and antibiotin binding pair as a model, we demonstrate up to a 400% amplification of the shift upon antibody binding to analyte. In addition, the antibody-nanoparticle conjugate improves the observed binding constant by 2 orders of magnitude, and the limit of detection by nearly 3 orders of magnitude. This amplification strategy provides a way to improve the sensitivity of plasmon-based bioassays, paving the way for single molecule-based detection and clinically relevant diagnostics.
' INTRODUCTION
The need to probe biomolecule interactions in areas as diverse as proteomics, disease detection, and drug discovery is an important motivation for biosensor research. The development of therapeutics capable of treating early stage disease, as well as the discovery that ultralow quantities of biomolecules can lead to diseased states, necessitates that these biosensors operate with extreme sensitivity. The biological community has tackled this need for sensitive signal transduction modalities through the development of creative biomolecule labeling strategies, including colorimetric and luminescent techniques. The current gold standard for biomolecule detection is the ELISA assay, which detects antigen-mediated antibody dimer formation using enzyme-conjugated antibodies. Other methods, such as the biobarcode assay, utilize the same basic sandwich principle, but achieve lower detection levels by using a silver-staining amplification technique. 1 Biosensors that take advantage of the plasmonic properties of noble metal films and nanostructures have emerged as an alternative to traditional signal transduction modalities. Surface plasmon resonance (SPR) sensors, which detect changes in the reflectance intensity or angle of thin gold films, have been commercialized for nearly two decades and are commonly used to probe the kinetics and strength of binding interactions. Localized SPR sensors, which employ noble metal nanoparticles, are increasingly used as an alternative to SPR sensors because the highly localized electromagnetic fields that occur at nanoparticle surfaces can enable improved detection of nanoscale biological analytes. LSPR sensors can sensitively monitor binding events in real time and have been used to detect a variety of processes, 2 including self-assembled monolayer formation, 3 protein-ligand and antibody-protein interactions, [4] [5] [6] DNA hybridization, 7 protein conformational changes, 8 and gas detection. 9 The spectral position of the nanoparticle extinction peak (λ max ) is highly dependent on the local refractive index at the nanoparticle surface. Biomolecule binding to specific surface-bound ligands changes the local refractive index, causing changes in the λ max that are easily monitored using UV-visible spectroscopy. However, sensitivity losses arise when LSPR sensors utilize longer surface ligands and molecules, such as in the ELISA-style antibody sandwich binding, that place the detecting molecule far from the surface and outside the sensing volume.
Several methods exist for enhancing the sensitivity of plasmonic sensors. Careful design of spectroscopic instrumentation can reduce noise levels in λ max to as low as 10 -3 -10 -4 nm, enabling the detection of spectral shifts of only hundredths of nanometers. 8, 10 Rational design of nanostructures can also lead to sensitivity improvements via narrowing of spectral linewidths and hence reduction of the standard deviation of λ max determinations. For example, single optically isolated nanoparticles can possess narrow spectral linewidths on the order of 0.1 eV. 11 Even narrower linewidths, down to 0.032 eV, have been reported for gold nanohole arrays. 12 In a resonance-enhanced assay, resonance coupling between a molecular absorption band in the analyte and the nanoparticle plasmon band leads to wavelength shifts that are amplified by a factor of 3. 13 Yet another technique uses enzymatic amplification triggered by binding reactions to achieve DNA detection at femtomolar levels.
14 This article outlines a technique in which plasmonically active nanoparticle labels are used to enhance the wavelength shift upon biomolecule binding through both resonant coupling of plasmons and an increase in refractive index change.
Nanoparticle labels have previously been used to enhance the response from SPR sensors. [15] [16] [17] [18] Gold nanoparticles ranging
The Journal of Physical Chemistry C ARTICLE from 11 to 40 nm in diameter were conjugated either to a detection antibody or directly to the analyte. Limits of detection using gold labeled biomolecules were generally enhanced by about 3 orders of magnitude, with picomolar detection reported. A similar enhancement was demonstrated using gold nanoparticle labeled biotin molecules on a streptavidin-functionalized LSPR sensor. 19 The observed shift upon binding of the biotinylated gold nanoparticles was enhanced 300% as compared to streptavidin binding alone. A second LSPR study found a 10-fold improvement in LOD, from 79 to 7 nM, in the detection of biotinylated BSA upon exposure to gold nanoparticle conjugated streptavidin. 20 Here, we conjugate gold nanoparticles to antibodies and demonstrate that these gold nanoparticle antibody conjugates provide LSPR enhancements similar to those observed previously using gold nanoparticle conjugates of biotin and streptavidin. Specifically, the LSPR response upon antibody binding to a biotin-functionalized surface is enhanced up to 400%. The labeling of antibodies, rather than biotin/streptavidin, provides a signal enhancement scheme that more closely approximates the antigen-antibody assays traditionally used for biosensing. In addition, we report a binding curve for the biotin-antibiotin interaction which reveals both enhanced wavelength shifts and a stronger binding interaction upon the addition of a gold nanoparticle label.
' EXPERIMENTAL METHODS Nanoparticle Fabrication. Nanosphere lithography (NSL) was used to create monodisperse, surface-confined Ag nanoprism arrays. Glass coverslips (Fisher no. 2, 18 mm) were cleaned in a piranha solution (1:3 30% H 2 O 2 /H 2 SO 4 ) at 80°C for 30 min (Caution: Piranha solution should be handled with extreme care). Once cooled, the glass substrates were rinsed with copious amounts of mili-Q water and then sonicated for 60 min in 5:1:1 H 2 O/NH 4 OH/30% H 2 O 2 . Next, the glass was rinsed repeatedly with water and was stored in water until use. Polystyrene nanospheres (2 μL, diameter = 390 nm þ 19.5 nm, Duke Scientific) were drop-coated onto the cleaned glass coverslips and allowed to dry, forming a monolayer in a close-packed hexagonal formation which served as a deposition mask. The samples were mounted into a Consolidated Vacuum Corp. vapor-deposition chamber. A Leybold Inficon XTM/2 quartz crystal microbalance was used to monitor the thickness of the metal being deposited. For all experiments, 20 nm of Ag (D. F. Goldsmith) was evaporated onto the samples. Following metal deposition, the samples were sonicated for 3-5 min in ethanol (Pharmco) to remove the polystyrene nanosphere mask, creating Ag nanoprisms on the glass substrate.
Ultraviolet-Visible Extinction Spectroscopy. Macroscale UV-vis extinction measurements were performed in standard transmission geometry with unpolarized light coupled into a photodiode array spectrometer (BWTEK, Newark, DE) using lenses. The probe diameter was approximately 1 mm. A homebuilt flow cell was used to control the external environment of the Ag nanoparticle substrates. Nanoparticle Substrate Functionalization. A self-assembled monolayer (SAM) was formed on the Ag nanoprism array to stabilize the nanoparticles and allow functionalization with biotin. Nanoprism substrates were incubated in a 1 mM 3:1 ethanolic solution of octanethiol/11-mercaptoundecanoic acid (Sigma) for 12-24 h. After incubation, the substrates were rinsed with ethanol and dried with N 2 prior to mounting in the flow cell. The nanoprism array was then incubated for 1 h in a 1 mM solution of amine-conjugated biotin (EZ-Link Amine-PEO 3 -Biotin, Pierce) in 10 mM phosphate buffered saline (PBS, Sigma) with 100 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl linker (EDC, Pierce) to form an amide bond between the biotin amine group and SAM carboxylic acid group. Samples were then rinsed with 10 mM PBS to remove excess EDC and biotin.
Nanoparticle-Antibody Conjugates. Antibiotin monoclonal antibodies (Sigma) were electrostatically conjugated to 20 nm Au colloids (British Biocell International). A monolayer of antibody was formed on the Au colloids by incubating a 1 mL volume of colloids, adjusted to pH 9, in 9.0 μg of antibiotin for 1 h. The colloids were then centrifuged for 1 h at 8000g and 4°C. The supernatant was then pipetted off, and the antibodyconjugated colloids were resuspended in the volume of mili-Q H 2 O necessary to achieve the desired antibody concentration. Antibiotin conjugated Au colloids were then either used immediately or stored overnight at 4°C.
Binding Affinity Assays. To determine binding affinity and LSPR shift enhancement, antibiotin or nanoparticle-antibiotin conjugates ranging from 20 pM to 1 μM in concentration were incubated for 45 min with the biotin-functionalized nanoprism arrays. Following incubation, the arrays were rinsed with mili-Q H 2 O and dried in N 2 . Extinction spectra before and after antibiotin incubation were collected in a N 2 atmosphere.
' RESULTS AND DISCUSSION
Biotin-specific IgG antibodies were labeled with 20 nm gold nanoparticles by taking advantage of electrostatic and covalent interactions between the antibody side chains and nanoparticle surfaces. A colloidal gold nanoparticle solution was incubated with antibiotin for an hour to allow the conjugation to occur. To verify that the antibodies had attached to the gold nanoparticles, extinction measurements of the gold nanoparticles were taken before and after the conjugation step (Figure 1) . The bare gold colloids exhibited an extinction peak at 521.1 nm. Following antibody conjugation, the extinction shifted 13.1 nm to the red to give a final λ max of 534.2 nm, indicating attachment of the antibody. On the basis of the experimentally determined refractive index sensitivity of 80 nm/RIU for the 20 nm gold colloids in solution ( Figure S-1) , the λ max shift of 13.1 nm indicates a To demonstrate the ability of these gold nanoparticleconjugated antibodies (hereafter, NP-antibiotin) to bind specifically to an antigen and enhance the LSPR sensor response, we fabricated silver nanoprism arrays functionalized with biotinterminated ligands (Schematic, Figure 2A ). Nanosphere lithography (NSL) was used to create ordered arrays of pyramidal silver nanoparticles on a glass surface with edge lengths of approximately 100 nm and heights of 20 nm. The nanoprisms were functionalized with a carboxylic acid-terminated self-assembled monolayer to enable amine-conjugated biotin to covalently attach to the surface. The extinction spectrum of a biotinylated LSPR sensor was recorded prior to a 45 min incubation with either NP-antibiotin or to unlabeled antibiotin. Following the antibody incubation, the extinction spectrum of the LSPR sensor was again recorded. For a solution of 100 nM unlabeled antibiotin, the λ max shifted 11 nm to the red ( Figure 2B ). To understand how this value compared to the enhanced LSPR shift, we performed the same experiment replacing the unlabeled antibiotin with 100 nM NP-antibiotin. The NP-antibiotin induced a Δλ max of 42.7 nm, a nearly 400% increase as compared to the unenhanced shift ( Figure 2C) . A nonspecific binding experiment, in which 100 nM NP-antibiotin was exposed to a SAMfunctionalized LSPR sensor without biotin on the surface, showed a minimal Δλ max due to nonspecific electrostatic binding of 2.5 nm (Figure 3) .
In addition to enhancing the red shift induced upon antibody binding, gold nanoparticle labels cause an increase in the LSPR bandwidth ( Figure S-2 ). This broadening of the plasmon band does not occur in the absence of nanoparticle labels and is indicative of interparticle plasmon coupling. Thus, the nanoparticle labels act to enhance the LSPR extinction shift in two ways: (1) the nanoparticle increases the refractive index change upon antibody binding, and (2) the localized surface plasmons of the nanoparticle label couple with the plasmons of the nanoparticle substrate, causing extinction shifts that add to the refractive index-induced shifts. This coupling property depends on the distance between nanoparticle pairs and has been shown to dramatically alter the observed plasmon resonance. [21] [22] [23] [24] Gold nanoparticle labels have even made possible the detection of single DNA hybridization and cleavage events. 7, 25, 26 Sannomiya et al. showed that DNA-mediated gold nanoparticle dimer formation induced λ max shifts of between 2 and 8 nm. Here, on the basis of surface area considerations, we expect each silver nanoprism to bind to an average of 7-8 antibody-nanoparticle conjugates at full monolayer coverage, resulting in much larger shifts as compared to simple dimer formation.
To determine the dynamic range of this signal amplification technique, we measured the LSPR shift upon antibody binding for several different concentrations of antibiotin and NP-antibiotin. By varying the concentration of NP-antibiotin from 20 pM to 20 nM and fitting to a Langmuir isotherm 1:
we found the association constant (K a ) between surface-bound biotin and labeled antibiotin to be 8.8 Â 10 8 M -1 (Figure 4) . Non-specific binding assay. To test for nonspecific interactions between the gold NP-antibiotin conjugate and the LSPR sensor surface, we fabricated a nanoparticle array functionalized with a SAM of 3:1 octanethiol:11-mercaptoundecanoic acid. The SAM-functionalized array was exposed to a 100 nM concentration of NP-Ab conjugates. The resulting shift due to nonspecific interactions was 2.5 nm, indicating that the majority of the response when biotin is present on the surface is due to specific binding.
The Journal of Physical Chemistry C ARTICLE Because a majority of the antibodies in the nanoparticleantibody conjugate are unavailable for binding due to steric constraints, the LSPR response was defined as a function of nanoparticle, rather than antibody, concentration. Also, due to the antibody-nanoparticle conjugation method used here, NPantibiotin concentrations higher than 20 nM could not be obtained. We therefore assumed a Δλ max at saturation of 60 nm for the Langmuir isotherm model, but it is likely that this value does not truly represent the maximum shift obtainable using this enhancement scheme. For comparison, a binding isotherm for unlabeled antibiotin revealed a weaker K a of 4.0 Â 10 6 M -1 and a maximum shift of 36 nm. With a minimum detectable Δλ max of 0.3 nm, the limit of detection was improved from 2 nM to 6 pM by the addition of a gold nanoparticle label to the detection antibody. The increase in K a in the presence of a nanoparticle label suggests that the label not only enhances LSPR shifts through combined refractive index and plasmon coupling effects, but also strengthens the biotin-antibiotin binding interaction. This strengthened binding can be explained by polyvalency in the antibody conjugate: on the basis of surface area calculations, we predict that each nanoparticle is covered with between 8 and 30 antibodies, depending on antibody orientation. Therefore, each binding event between a silver nanoprism and an NP-antibiotin conjugate is likely mediated by more than one antibody. It is wellknown that polyvalent antibodies bind to antigens with higher affinity as compared to antibody monomers, and rational design of polyvalent antibodies is being used to develop novel cancer therapeutics. [27] [28] [29] [30] [31] The polyvalency effect from tetrameric antibody domains has previously been shown to enhance the observed binding constant from zero 31 to two 27 orders of magnitude, with affinity enhancement arising primarily from the slower dissociation rates of tetravalent antibodies. These observations indicate identity and orientation-dependent behavior with potentially large affinity enhancements for specific antibodyantigen pairs. On the basis of the K a enhancement of 2 orders of magnitude observed in this work for the antibiotin/biotin pair, we assume that the antibiotin antibodies are oriented in a manner that sterically favors polyvalent binding to the biotinylated surface. Further studies are needed to ascertain the exact order of polyvalency, but are beyond the scope of this work. Future work will aim to more precisely control antibody orientation in the NP-Ab conjugate to optimize antibody orientation and allow even larger enhancements in the affinity constant and lower limits of detection. In addition, rational selection of both the LSPR substrate and the plasmonic label should allow additional enhancement via the plasmon coupling mechanism and will be explored as an additional route toward optimal signal enhancement.
' CONCLUSION
We demonstrated that using antibody-labeled gold nanoparticles to detect analytes bound on a nanoparticle surface can dramatically increase the observed response from LSPR sensors. Antibody-labeled gold nanoparticles can increase the LSPR shift by up to 400% as compared to comparable concentrations of native antibody. This increase in LSPR shift led to a limit of detection of 6 pM antibiotin, a 3 orders of magnitude improvement over the unlabeled format. In addition, the polyvalency gained by functionalizing a single gold nanoparticle with multiple antibodies led to an increase in observed binding affinity between antigen and antibody.
The observed enhancement in LSPR shift is produced by a combination of two mechanisms: (1) an overall increase in refractive index change upon antibody binding due to the presence of a gold nanoparticle, and (2) plasmonic coupling between the gold nanoparticle label and the nanoprism substrate. The degree of plasmonic coupling depends on several factors including nanoparticle size, interparticle distance, and nanoparticle orientation. In this study, we explored the effects of 20 nm diameter nanoparticle labels on the LSPR shift. We expect that by increasing the size of the nanoparticle label, or by controlling antibody orientation to bring the label closer to the nanoprism substrate, the observed LSPR shifts can be enhanced even further. Thus, the use of gold nanoparticle labels provides a way to meet the ever-increasing demands for sensitivity in diagnostic devices. When applied to relevant biological systems and biomarkers, this technique could lead to significant improvements in limits of detection for disease diagnosis. 
